Captive rearing represents a vital component of many conservation and research programs. However, captive animals can exhibit unnatural behaviors and experience high predation following release, which can limit reintroduction success and the inferential value of studies that use released animals. Soft-release measures (e.g. penning) can acclimate individuals and limit interactions with predators but can also require considerable resources. We reared hatchling gopher tortoises Gopherus polyphemus in the laboratory for physiology experiments and subsequently hard-released them as yearlings to assess the efficacy of this low-cost release method and to explore possible captivity effects on tortoise behavior, growth, and survivorship. Hard-released yearlings exhibited limited dispersal; most constructed burrows soon after release, and, like wild juveniles, exhibited a preference for burrowing under deadwood. Video observations at burrows indicated natural behavior, including overnighting in burrows, extensive basking directly in front of burrows, and limited time away from these important refugia. Basking tortoises responded to simulated predator approach by rapidly entering burrows, with flight initiation distances and hiding times equivalent or similar to those of wild individuals. Survivorship was comparable to that of soft-released juveniles, but growth was slightly lower than expected based on observations of wild tortoises at the site, possibly reflecting performance immediately following release. Our findings indicate that captive-reared juvenile gopher tortoises respond well to hard release and exhibit natural attributes required to thrive in the wild. Moreover, studies of released juveniles can yield valuable insights into the ecology of a life stage that is poorly understood in most chelonians.
INTRODUCTION
Maintaining animals in captivity represents a vital component of many conservation and research programs (Swimmer et al. 2005 , Crone et al. 2007 , Griffiths & Pavajeau 2008 . However, reintroducing captive animals into the wild can present challenges, often because released individuals experience high predator-induced mortality (Moseby et al. 2011 , Holbrook et al. 2015 , Tuberville et al. 2015 . Released animals can be more vulnerable to predators than their wild counterparts for a number of reasons, including lack of familiarity with their surroundings, limited access to refugia, and unnatural behaviors (Beck et al. 1994 , Tuberville et al. 2015 . Measures to improve reintroduction success include captive conditions that promote natural behavior and release protocols that reduce interactions with predators (Biggins et al. 1998 , Stamps & Swaisgood 2007 , Reading et al. 2013 , Tuberville et al. 2015 .
Chelonians are declining worldwide owing to a variety of threats (Buhlmann et al. 2009 , Böhm et al. 2013 , Lovich et al. 2018 , and for some critically endangered species, captive breeding may represent a necessary action to reestablish viable wild populations (Milinkovitch et al. 2013 , Spencer et al. 2017 ). This approach can work, but success may require decades of repeated effort (Milinkovitch et al. 2013) , in part due to life history traits such as low survival of small juveniles and delayed sexual maturity (Congdon & Gibbons 1990 , Heppell et al. 1996 . Therefore, long-term evaluations may be needed to truly understand the effectiveness of such programs (Dodd & Seigel 1991 , Milinkovitch et al. 2013 ). However, short-term studies of behavior, growth, and survivorship can provide important information for intermediate assessment and calibration of release efforts (Pedrono & Sarovy 2000 , Lepeigneul et al. 2014 , Tuberville et al. 2015 , Spencer et al. 2017 .
Development of effective release protocols and knowledge of captivity effects on behavior may not only improve reintroduction success but can also advance other conservation-oriented objectives. For example, released juveniles can provide convenient opportunities to study the ecology, including habitat requirements, of a life stage that is poorly understood in most chelonians (e.g. Mansfield et al. 2014 , Nagy et al. 2015 , Todd et al. 2016 , Nafus et al. 2017 . However, such studies often depend on the assumption that behavior does not differ materially between released and wild individuals. Establishment of costefficient, but effective, release protocols could also ease financial barriers associated with conducting important laboratory research on sensitive species that must be responsibly released at the conclusion of experiments (Holbrook et al. 2015 , Quinn 2016 , Radzio 2017 .
The gopher tortoise Gopherus polyphemus is a threatened herbivore of the southeastern USA (McCoy et al. 2006 , Smith et al. 2006 , USFWS et al. 2013 ) that relies on self-constructed burrows for predator avoidance and thermoregulation (Douglass & Layne 1978 , Pike & Grosse 2006 . In addition to conserving and restoring semi-open upland habitats, such as longleaf pine Pinus palustris savannas (Diemer 1986 , Smith et al. 2006 , USFWS et al. 2013 , biologists across multiple states (Mississippi, Georgia, South Carolina, Florida) are investigating the management value of head-starting, a process whereby hatchlings are reared in captivity and released after having grown to larger sizes at which they are presumably less vulnerable to predators (Tuberville et al. 2015 , Quinn et al. 2018 . Release methods for juvenile gopher tortoises, either animals raised in captivity for head-starting or laboratory research, include 'soft release,' where individuals are provided starter burrows and/or penned to limit movements and interactions with predators, or 'hard release,' where tortoises are simply released without additional measures (Holbrook et al. 2015 , Tuberville et al. 2015 , Quinn et al. 2018 . Hard release requires minimal resources and could facilitate novel ecological research, but its efficacy remains unclear with gopher tortoises. In a preliminary study, Quinn (2016) hard-released 10 captive-reared yearling gopher tortoises and found that 8 survived at least 2 mo, a promising result, as small wild juveniles experience intense predation pressure (Wilson 1991) , and mortality can be high following soft release (Holbrook et al. 2015 , Tuberville et al. 2015 , Quinn et al. 2018 .
We reared hatchling gopher tortoises in the laboratory for physiology experiments (Radzio 2017 ) and later hard-released them as yearlings. Given low annual survival of small juveniles (0.45, Wilson 1991), we expected few hard-released yearlings to survive over the long term. However, we used this as an opportunity to investigate the efficacy of hard release as a low-cost release approach that can aid tortoise conservation and research. We assessed post-release burrowing behavior, activity patterns, antipredator responses, growth, and survivorship and, when possible, evaluated these parameters with respect to available values for soft-released and wild juvenile gopher tortoises. By including behavioral assessments, we hoped to glean mechanistic insights into the relative performance of hard-released individuals, their suitability for ecological studies, and the ecology of juvenile gopher tortoises overall.
MATERIALS AND METHODS

Study species
The gopher tortoise is an herbivore of the southeastern USA that primarily inhabits well-drained upland habitats with semi-open to open canopies (Diemer 1986 , Smith et al. 2006 , USFWS et al. 2013 . Juveniles and adults construct burrows, which they rely on for thermoregulation and predator avoidance (Douglass & Layne 1978 , Pike & Grosse 2006 . Small juveniles center daily activities on burrows and have small home ranges (typically < 0.5 ha; Wilson et al. 1994 , Butler et al. 1995 , Pike & Grosse 2006 . At our Georgia study site (described in Section 2.2), juveniles bask extensively on burrow aprons (bare soil directly in front of burrows), but quickly hide belowground in response to researcher approach (Radzio 2017 . Small juveniles from Georgia populations grow on average 12−19 mm yr −1 , and individuals may require 8−21 yr to mature, depending on sex and location (Landers et al. 1982 , Harris 2014 . Although highly variable, growth rates may be very important because small juveniles experience intense predation pressure and exhibit low annual survival (0.45, Wilson 1991).
Study site
We conducted this study on Arcadia Plantation (30°45' N, 84°0' W), a 957 ha private property in southwest Georgia, USA. The site consisted primarily of mature and old-growth longleaf pine forest with ground cover composed predominantly of wiregrass Aristida stricta, oak (Quercus spp.), and other native plants (Platt et al. 1988 ). Soils were a complex mosaic of sand and clay. The site has been managed using frequent prescribed fire (≤2 yr return interval), often implemented during the growing season, and supports a large gopher tortoise population (Tuberville et al. 2014 ).
Study animals
We collected hatchlings in September−October 2013 as they emerged from natural nests . Individuals were uniquely marked (Cagle 1939) and reared indoors for thermal physiology studies under conditions that varied with experimental requirements (Radzio 2017) . In general, hatchlings were housed in plastic enclosures (53 × 9 and 29 × 16 cm) containing an artificial burrow and experienced a 13:11 h light:dark cycle, with more-limited exposure to artificial UVB radiation (160-W Powersun UV mercury vapor and 15-W T8 ReptiSun UVB 5.0 bulbs, Zoo Med Laboratories). Hatchling body temperatures generally ranged between 24 and 36°C. Individuals were soaked in a water container every 1−4 d and fed primarily organic chicory (Chicorium spp., locally sourced), Oxbow Orchard Grass Hay (Oxbow Animal Health), and Natural Grassland Tortoise Food (Zoo Med Laboratories), occasionally supplemented with calcium (Repti Calcium, Zoo Med Laboratories) and vitamins (Herptivite, Rep-Cal Re search Labs).
Hard releases
We fitted 30 individuals with miniature radio transmitters (model BD-2, Holohil; or model R1655, Advanced Telemetry Systems) and iButton temperature data loggers (Maxim Integrated Products) programmed to record temperature at 10 or 30 min intervals. To minimize impacts on tortoise movements, trans mitters were customized with highly flexible trailing antennas (thin with no rubber tubing at bases). Prior to attachment, transmitters and iButtons were coated in brown rubber (Plasti Dip International). We epoxied transmitters to the posterior-most left or right costal scute and iButtons to the posteriormost vertebral scute. To avoid adversely affecting shell growth, we did not attach equipment to multiple scutes. Equipment and epoxy weighed approximately 5 g, or 5−9% of tortoise mass. Time-lapse video observations of naturally occurring overturning events in this and other studies at the site indicated that iButtons and radio transmitters did not prevent individuals from righting (Radzio et al. 2016 , Radzio 2017 ).
On the afternoon of 1 September 2014, we released 30 radio-transmittered yearlings from 15 clutches at or near their nest sites. If the nest site was at an active adult tortoise burrow, we released yearlings several meters away to limit potential interactions with large individuals. We also found many ants at the nest site of 1 yearling and released that individual near another yearling's nest site in the same area. A weather station at the site indicated that conditions during the following 24 h included air temperatures (at 1.5 m) as high as 37.6°C coupled with full solar radiation (984 W m −2 ). On 22 September 2014, we released 28 additional yearlings from 14 clutches at or near their nest sites without radio transmitters or iButtons. In total, we released 58 tortoises (mean ± SD midline plastron length [MPL] = 63.3 ± 3.5 mm, range: 55.9−69.1 mm), 1−5 from each of 16 clutches, at 15 release points distributed widely across the study site. We measured MPL rather than midline carapace length (MCL) because iButtons affixed to rear vertebral scutes precluded accurate MCL measurements. However, by using the equation: MCL = MPL × 0.90 + 9.79, derived from June 2014 laboratory measurements of the same individuals (r 2 = 0.68), we estimated MCL at release to have been 66.8 ± 3.1 mm (60.2−72.1 mm).
Burrowing and dispersal
We tracked radio-transmittered tortoises every 2−6 d for 1 mo (2 September−1 October 2014). When we located a tortoise, we recorded whether it was in a burrow, on a burrow apron, or at the surface away from a burrow apron. For burrows constructed by radio-transmittered tortoises, we determined distance to release location using a measuring tape.
We also investigated whether, like wild juveniles (Aresco 1999) , individuals released with transmitters disproportionately dug burrow entrances under deadwood (sticks, logs, bark, or pinecones > 2 cm in diameter) by determining presence/absence of deadwood at burrows and nearby random points. We located 3 random points at each burrow by extending a measuring tape in a random compass direction and distance, ranging from 1−11 m, from each burrow. We considered points to coincide with deadwood if deadwood was present within 10 cm. In one instance, a random point corresponded to an adult tortoise burrow apron and, in another, a sheer slope next to a dirt road. We generated new random points in both instances because these were locations where juveniles are unlikely to burrow.
Activity, microhabitat use, and temperature relations
We quantified activity, microhabitat use, and temperature relations of released tortoises. Between 30 September and 3 October 2014, video cameras and temperature data loggers recorded 1 complete daylight period for 19 of 20 transmittered yearlings observed alive and using a long burrow. Prior to observation days, we mounted time-lapse video cameras (Plotwatcher Pro, Day 6 Outdoors) on wooden poles next to burrows and trained them on burrow entrances, aprons, and nearby surrounding areas. We programmed cameras to continuously record (0.33 frames s −1 ) during daylight hours. To avoid influencing tortoise behavior, we did not visit burrows during recordings. A metal model recorded operative temperatures on each videorecorded tortoise's burrow apron at 10 min intervals. Similarly, iButtons attached to flexible tubing re -corded temperatures at different distances (10, 60, 110, and 160 cm) inside 4 small, wild juvenile burrows at 10 min intervals.
Antipredator flight response and hiding time
We assessed responses of individuals on burrow aprons to simulated predator approach . Between 10 September and 10 October 2014, a single researcher performed simulated predator approaches on 23 of 24 transmittered yearlings observed to be alive and using a long burrow. Wild juvenile gopher tortoises hide in response to researcher approach and exhibit long flight initiation distances (FIDs), making them difficult or impossible to observe visually . Therefore, we used time-lapse video cameras, set prior to approach days, to document tortoise responses.
The researcher typically approached burrows by walking (~1.5 m s −1 ) a straight path, starting ≥60 m away. For logistical reasons, in a small number of instances, the researcher approached a burrow, then immediately approached a second burrow located nearby, thus starting the second approach from a shorter distance. These short approaches were not used to estimate FIDs, but they were used to determine if individuals hid and for how long. When the researcher arrived at a burrow, he briefly placed his hand in front of the camera to record the exact time, which was used to estimate FID (described in Section 2.9). The researcher then immediately left the area, allowing the tortoise to emerge undisturbed. Burrows were approached only once a day, but this protocol was repeated on multiple days to ensure that each tortoise was approached at least once while basking on its burrow apron. Many basking individuals were approached multiple times.
Growth and survivorship
To assess growth, we measured MPL and mass at release in September 2014 and during subsequent captures through May 2016. To assess short-term survivorship, we followed tortoises fitted with radio transmitters (n = 30) from 1 September 2014 to 1 April 2015. Starting in early October 2014, we captured individuals, primarily as they foraged away from burrows, to remove their transmitters. However, because tortoises generally use the same burrows between fall and spring, we were able to follow 19 of 22 transmittered individuals observed alive in early October 2014 through early April 2015. To assess long-term minimum survivorship (i.e. return rates), we visually searched for all tortoises released in September 2014 (n = 58), minus known depredated individuals, through August 2016. We did not physically capture tortoises in August 2016, but instead used video observations of scute notches to identify individuals.
Statistical analysis
We assessed time to burrow initiation and distance from release sites to burrows for radio-transmittered tortoises. We also tested for associations between burrows and deadwood (Aresco 1999) for transmittered tortoises, first using burrows and then individual tortoises as the unit of analysis. To investigate potential associations at the burrow level, we analyzed observed and ex pected frequencies of deadwood at burrows and random points using a chisquared goodness-of-fit test. To investigate potential associations at the individual level, we analyzed log odds ratios of deadwood occurrence at burrows and random points. We bootstrapped observations to account for tortoises that constructed multiple burrows. For each iteration, we selected a tortoise at random and calculated a log odds ratio for its burrow and its associated random points. If the tortoise had more than 1 burrow, we selected a burrow at random. The p-value was the proportion of iterations (10 6 ) where the log odds ratio was ≤0.
We compared activity, microhabitat use, and temperature relations of individuals fitted with transmitters to available accounts of wild juveniles , Pike & Grosse 2006 , Radzio 2017 . We limited our analysis to qualitative comparisons because juvenile gopher tortoise activity varies with temperature , and possibly other variables, in ways that remain incompletely understood. As a general rule, wild juveniles occupy burrows at night and spend limited time away from these refugia during the day , Pike & Grosse 2006 . Small juveniles at our study site do, however, bask extensively on burrow aprons, which raises their body temperatures above those typically found belowground (Radzio 2017 .
We estimated FID as the product of approach speed (1.5 m s −1 ) and number of seconds between when an approached tortoise initiated flight response and when the approaching researcher arrived at the burrow . When an individual was approached more than once, we calculated a mean FID and hiding time value for the tortoise. We compared mean FID of released yearlings to that of 12 mo old wild individuals at the site (31.5 m, extrapolated from Radzio & O'Connor 2017) using a 1-sample t-test. We defined hiding time as the period from when an individual hid in its burrow until any portion of the tortoise reappeared outside. We compared hiding times of released yearlings to those of 0.5−4.0 yr old wild tortoises (Radzio & O' Connor 2017) using a Mann-Whitney U-test.
We quantified change in MPL and mass at 1−2 and 19−20 mo following release. We compared change in MPL at 19−20 mo following release to the predicted growth of wild juveniles at the study site. We calculated predicted growth for wild juveniles as the product of MPL growth rate of wild juvenile (age 1−4 yr) tortoises at the site (15.6 mm yr −1 , 95% CI: 13.4− 17.9 mm yr −1 ; Fig. A1 in the Appendix) and number of growing years occurring between release and final capture. Growing years were calculated to account for seasonal tortoise growth in southwest Georgia, where 0% of annual growth occurs in January− February, 5% in March−April, 34% in May− June, 34% in July−August, 17% in September−October, and 7% in November−December (Landers et al. 1982) ; in order for values to sum to 100%, we added 0.5% to each bimonthly period. Thus, a tortoise released on 1 September 2014 and recaptured on 1 May 2016 would have experienced 1.66 actual years between measurements, but only 1.31 growing years and have a predicted growth value of 20.4 mm (95% prediction interval: 17.5−23.4 mm).
Likelihood of location on or after 1 August 2016 was analyzed by a generalized linear mixed model with MPL at release and release date (1 or 22 September 2014) as fixed effects and clutch as a random effect ('lme4' package in the program R, Bates et al. 2015) . Location success was binary; individuals were either located or not. Statistical tests were 2-tailed, evaluated at alpha = 0.05, and performed in SPSS (version 24.0, IBM Corp. 2015), R (version 3.4.4, R Core Team 2018), or MATLAB (version 9.5.0.944444 R2018b, MATLAB 2018).
RESULTS
Burrowing and dispersal
At least 14 of 30 (≥47%) radio-transmittered tortoises started constructing a burrow within 2 d of hard release; ≥22 (≥73%) initiated a burrow within 4 d; and ≥27 (≥90%) had done so within 13 d (Fig. 1) . A 28 th tortoise was observed burrowing 21 d after release. The 2 tortoises not known to initiate burrows were found dead, apparently depredated, 4 and 6 d following release. In total, we documented 36 burrowing attempts (1−3 ind. −1 ) by 28 radio-transmittered yearlings during the first month following hard release. At least 2 individuals also briefly used an adult or wild juvenile burrow before burrowing. On average, burrows constructed during the first month were located 29.4 ± 29.9 m (SD) (median = 20.6 m, range = 3.0−135.2 m) away from release sites. Most (31 of 36, 86%) were < 50 m away. Surface-active tortoises were found within ~20 m of their burrows. No tortoise, in cluding depredated individuals, was observed more than 170 m from its release site at any point in the nearly 2 yr study.
Burrows initiated by transmittered tortoises during the month following release were positively associated with deadwood (χ 2 = 19.8, p < 0.00001). Fifteen of 36 (42%) burrow entrances were constructed under deadwood, while only 10 of 108 (9%) random points fell within 10 cm of deadwood. Qualitatively, deadwood at burrows tended to be larger than deadwood at random points, suggesting that our analysis was conservative. In addition, 3 transmittered tortoises constructed burrows in stumpholes (holes left by dead trees and not classified as deadwood in our analyses). Analysis at the individual tortoise level revealed that individuals positively selected deadwood as burrowing microhabitat (p = 0.0012 using bootstrapped log odds ratios).
We located 11 of 58 (19%) tortoises in early August 2016, nearly 2 yr following hard release. These indi-viduals were using burrows located 29.9 ± 36.7 m from release sites (median = 16.6 m, range = 3.0−135.2 m). Distances are close approximations, as measurements were made from nest sites, but some yearlings were released several meters away from nest sites. We located a 12 th surviving individual in May 2019, approximately 120 m from its release site.
Activity, microhabitat use, and temperature relations
During 30 September−3 October 2014 video observations, tortoises (n = 19) emerged from burrows between 07:30 and 10:00 h and spent on average 7.6 ± 1.3 h (4.8−10.0 h) at the surface, of which 6.4 ± 1.7 h (2.0−9.8 h) were in burrow entrances or on burrow aprons and 1.2 ± 1.8 h (0.0−8.0 h) were away from burrow areas (Fig. 2) . One yearling left its burrow apron around 10:30 h and did not return until the following day. The iButton temperature profile for this individual indicated that it probably spent the night aboveground. All other tortoises returned to their burrows by 15:40 h. By dusk (when the cameras turned off), 14 tortoises were fully inside their burrows, but 4 were only partially inside burrow entrances (Fig. 2) . Additional observations, made soon after release and during simulated predator approaches, indicated similar activity.
Temperatures 60−160 cm inside burrows remained constant at 25°C throughout the diel cycle, but temperatures 10 cm from the surface fluctuated considerably. Surface operative temperatures typically ex ceeded burrow temperatures from midmorning to late afternoon ( Fig. 3) . By using burrow entrances and aprons, tortoises elevated shell temperatures above those available belowground (Fig. 3) .
Apparent burrow defense behavior
On 2 September 2014, we placed a coaxial cable attached to a radio telemetry receiver inside a newly dug burrow to confirm presence of the yearling. The yearling repeatedly rammed the BNC connector of the coaxial cable with its gular protrusion and continued this behavior as we slowly retracted the cable. In early October 2014, we wanted to capture this tortoise to remove its iButton (its transmitter had de tached prematurely) and obtain growth measurements. We placed a dowel into its burrow and moved it around in front of the tortoise and lightly touched the tortoise. The juvenile vigorously Fig. 1 . Cumulative number of laboratory-reared, yearling gopher tortoises (out of 30) that initiated a burrow as a function of days since hard release in a longleaf pine forest in southwest Georgia, USA. The 2 tortoises that did not burrow were both apparently depredated within 6 d of release rammed the dowel with its gular protrusion and continued to do so as the dowel was slowly pulled out of the burrow, allowing us to grab the individual. In July 2016, we successfully used the same technique to capture an other tortoise that had been hard-released nearly 2 yr earlier. In all 3 instances, the juveniles appeared highly motivated to expel the coaxial cable or dowel rod from their burrows, as documented for wild hatchling and juvenile gopher tortoises (Radzio et al. 2016 
Antipredator flight response and hiding time
Tortoises on burrow aprons always hid in response to simulated predator approach (n = 41 approaches on 23 individuals). This included 2 tortoises facing into burrows with their heads fully belowground when approached. In most instances, flight movements into burrows were rapid, and if tortoises were facing away from burrow entrances, they generally backed into the burrow rather than first turning around to face the entrance before entering. Mean FID was 34.1 ± 14.5 m (2.3−58.5 m, n = 20) and did not differ from the estimated FID of wild 12 mo old gopher tortoises (31.5 m; Radzio & O'Connor 2017) (t 19 = 0.791, p = 0.439, 1-sample t-test; Table 1 ). When all observations were considered, hiding times of released tortoises (mean = 34.9 ± 76.7 min, 1.8−360+ min) did not differ from those of small wild juveniles (mean = 18.3 ± 11.7 min, 3.4-50.0 min, n = 20; Radzio & O'Connor 2017) (Mann-Whitney U 41 = 162.0, p = 0.098). However, when we excluded 2 very long hiding time observations, where released yearlings did not emerge from burrows before cameras stopped recording (~2 and 6 h later), hiding times of released individuals were slightly shorter (mean = 15.4 ± 20.6 min, 1.8−69.5 min, n = 21, U 39 = 122.0, p = 0.022; Table 1 ). Although tortoises always hid during planned simulated predator approaches, we observed 4 instances outside simulated approaches where individuals sitting on burrow aprons did not retreat belowground or exhibited delayed response to our presence.
Growth and survivorship
Tortoises released on 1 September 2014 exhibited little change in MPL (0.3 ± 0.7 mm, -0.9−1.4 mm) or mass (-0.1 ± 3.1 g, -4.3−4.9 g, n = 18) when recaptured 1−2 mo later. Tortoises released on 1 or 22 September 2014 exhibited substantial increases in MPL (17.1 ± 3.0 mm, 12.1−21.2 mm) and mass (55.3 ± 17.6 g) when recaptured 19−20 mo later in early May 2016 (n = 11; Table 2 ). Mean MPL growth of released tortoises (17.1 ± 3.0 mm) was lower than the predicted growth of wild tortoises (20.1 mm yr −1 , 95% CI: 17.3− 23.1 mm yr −1 ; Table 2 ).
Nineteen of 30 (63%) yearlings hard-released with radio transmitters on 1 September 2014 survived through at least 1 April 2015 (Fig. 4) . Four others may have survived as long, but lost their transmitters in September−October and could not be located. Seven of 30 transmittered tortoises were either confirmed or suspected to have been depredated in fall 2014. Three were depredated by cottonmouths Agkistro don piscivorus (radio transmitter signals emanating from the snakes); 1 by an unidentified animal (broken carcass); 2 apparently by red imported fire ants (intact carcass); and the seventh was not found, but its transmitter was recovered with bite marks in a nearby lowland area. At least 12 of 58 (21%) yearlings released with (6 of 30) or without (6 of 28) transmitters in September 2014 survived ≥22 mo, through 1 August 2016. These individuals represented 9 of 16 clutches. Generalized linear mixed model analysis indicated no relationship between location success on or after (p = 0.16). Survivorship of 1 radio-transmittered yearling may have been improved by our field activities. On 1 October 2014, we located the yearling ~20 m away from its inactive burrow and collected it to remove its radio transmitter and iButton and to measure growth. The iButton thermal profile indicated the juvenile had spent the previous 1−3 nights aboveground, atypical behavior compared to wild individuals. Instead of returning the juvenile to the point of capture, we placed it inside its burrow, which it continued using through at least 1 August 2016.
DISCUSSION
Despite having been raised indoors during their first year of life, yearling gopher tortoises generally exhibited natural attributes conducive to hard release and important for success in the wild. Within days of release, most radio-transmittered yearlings initiated burrows nearby and, like wild juveniles, showed a preference for burrowing under deadwood, fine-scale microhabitat selection that potentially reduces predation risk (Aresco 1999) . Also consistent with wild individuals, most released yearlings spent the majority of their time in or near burrows but basked extensively on burrow aprons , Pike & Grosse 2006 , Radzio 2017 . Basking raised body temperatures and, given strong thermal constraints on digestion in herbivorous ectotherms (Troyer 1987 , Zimmerman & Tracy 1989 , van Marken Lichtenbelt 1992 , Tracy et al. 2005 , likely plays an important role in the energetics and growth of juvenile gopher tortoises.
Wild hatchling and juvenile gopher tortoises manage predation risk associated with basking by limiting this activity primarily to burrow aprons and quickly hiding belowground in response to po tential predators . Released tortoises always hid be low ground during simulated predator approaches and exhibited long FIDs typical of wild individuals . Notably, tortoises hid before having been observed by the approaching re searcher, suggesting they used aerial or ground vibrations to detect the perceived threat . The ability of released tortoises to use nonvisual cues to detect potential threats was particularly apparent in 2 approaches where individuals facing into burrows with their heads completely belowground also hid. Hiding times of released individuals were slightly shorter than reported for wild hatchlings and juveniles, when outlier observations were excluded, but this may have reflected lower burrow temperatures during this study .
A potential limitation of our behavioral observations is that, primarily due to depredation occurring soon after release, we were unable to evaluate all radio-transmittered animals. Therefore, behavioral observations are biased toward individuals that successfully made the initial transition into the wild. However, observations included a large proportion of tortoises released with transmitters, and studied animals showed limited among-individual variation in activity or antipredator responses. Collectively, our findings indicate that laboratory-reared juvenile gopher tortoises exhibit largely natural behavior following hard release.
In addition to elevated predation risk, released animals can experience heightened environmental challenges and reduced physiological performance relative to wild individuals (Cook 1983 , Field et al. 2007 , Teixeira et al. 2007 , Jarvie et al. 2015 . Operative temperatures in direct sunlight exceeded lethal limits during much of the first full day following the first hard release. However, we did not document any mortality events during this period, suggesting yearlings avoided overheating by using shaded or subterranean microhabitats. Notably, tortoises exhibited little to no growth during the first 1−2 mo following re lease, possibly reflecting energetic state, adjustment to release, and the fact that tortoises in southwest Georgia grow little in September and October Fig. 4 . Short-term survivorship of 30 laboratory-reared, yearling gopher tortoises hard-released with radio transmitters in a longleaf pine forest in southwest Georgia, USA, on 1 September 2014. Maximum survivorship reflects known mortalities. Minimum survivorship reflects known mortalities plus individuals that could not be located and were of unknown status (Landers et al. 1982) . Slow growth immediately following release may explain why individuals had grown slightly less than expected, based on observations of wild tortoises, when captured about 1.6 yr later.
Minimum survivorship of hard-released yearlings documented here appears on par with that of younger, albeit larger, individuals soft-released in other investigations (Tuberville et al. 2015 , Quinn et al. 2018 ). Tuberville et al. (2015) documented 0.35 minimum first-year survivorship and 0.88 minimum secondyear survival for gopher tortoises soft-released at 6-9 mo of age, and Wilson (1991) documented annual survival of about 0.45 for small wild juveniles (age = 1-4 yr). Based on these estimates, we would expect at least 9-18 of 58 hard-released individuals to be alive 2 yr later ([58 released animals × 0.35 minimum first-year survivorship] × 0.88 [or 0.45] second-year survival = at least 9-18 remaining individuals). Similarly, had we used first-year survivorship values for soft-released tortoises from Quinn et al. (2018; 0.46) , we would expect at least 12-24 individuals to be alive 2 yr later. Correspondingly, at least 12 of 58 (21%) of our hard-released tortoises were alive nearly 2 yr following release. Transmittered tortoises in our study also ex hibited comparable survivorship through first winter dormancy (0.63−0.77) to that documented elsewhere for soft-and hard-released individuals (Quinn 2016 , Quinn et al. 2018 .
Although hard release may represent an effective release method for captive-reared juvenile gopher tortoises, between 5 and 7 of 30 (17−23%) radiotransmittered yearlings were depredated before having constructed a long burrow. Thus, it is possible that we could have reduced initial mortality by implementing soft release measures, particularly providing starter burrows or excluding predators until individuals established fidelity to long burrows. However, juvenile gopher tortoise soft-releases also report substantial initial mortality (Holbrook et al. 2015 , Tuberville et al. 2015 , Quinn et al. 2018 . Small pens can confine individuals or concentrate them along fence lines, potentially rendering young tortoises more vulnerable to predators such as fire ants and dogs (Holbrook et al. 2015 , Tuberville et al. 2015 , Quinn et al. 2018 .
Similar to wild yearling gopher tortoises, few released yearlings likely reach maturity (Wilson 1991 , Tuberville et al. 2015 . Releasing juveniles at larger body sizes could increase recruitment into adult populations. Indeed, Tuberville et al. (2008) documented very high apparent survival for large translocated juvenile gopher tortoises beginning 1 yr following release. Regardless of size effects on survivorship, establishing viable chelonian populations through release programs almost certainly requires long-term effort (Milinkovitch et al. 2013 ), but funding for conservation is often limited, short-term, and highly variable (Snyder et al. 1996) . Recent work with Hermann's tortoises Testudo hermanni (Lepeigneul et al. 2014 ) and gopher tortoises (Quinn 2016, this study) indicates that hard release can provide an acceptable alternative to soft release in some situations. Availability of hard release as an option can render captive breeding and head-starting programs easier and less expensive to implement, which should promote continuity and increase odds of success.
The roles of various captivity programs in chelonian conservation require careful consideration, particularly with respect to other available options and the need to first address underlying causes of decline (Frazer 1992 , Heppell et al. 1996 , Spencer et al. 2017 ). Nevertheless, our findings indicate that some turtles are behaviorally resilient enough such that hatchlings can be studied in the laboratory and subsequently hard-released using minimal resources. Moreover, studies of released turtles can provide accurate information, including insights into habitat requirements, that can advance conservation efforts for imperiled species (Todd et al. 2016 , Nafus et al. 2017 . For example, we documented extensive, albeit highly secretive, basking by released yearling gopher tortoises, which points to the importance of maintaining and restoring warm, open longleaf pine habitats for this threatened species (Diemer 1986 , Aresco & Guyer 1999a ,b, Radzio & O'Connor 2017 .
